In response to retinal disease and injury, the axon terminals of rod photoreceptors demonstrate dramatic structural plasticity, including axonal retraction, neurite extension, and the development of presynaptic varicosities. Cone cell terminals, however, are relatively inactive. Similar events are observed in primary cultures of salamander photoreceptors. To investigate the mechanisms underlying these disparate presynaptic responses, antagonists to voltage-gated L-type and cGMP-gated channels, known to be present on rod and cone cell terminals, respectively, were used to block calcium influx during critical periods of plasticity in vitro. In rod cells, L-type channel antagonists nicardipine and verapamil inhibited not only the outgrowth of processes and the formation of varicosities, but also the synthesis of vesicle proteins, SV2 and synaptophysin. In contrast, the synthesis of opsin in rod cells was unaffected. In cone cells, L-type channel antagonists caused only modest changes. However, cobalt bromide, which blocks all calcium channels, and L-cis-diltiazem, a potent antagonist of cGMP-gated channels, significantly inhibited varicosity formation and synthesis of SV2 in cone cells. Moreover, the cGMP-gated channel agonist 8-bromo-cGMP caused a significant increase in varicosity formation by cone but not rod cells. Thus voltage-gated L-type channels in rod cells and cGMP-gated channels in cone cells are the primary calcium channels required for structural plasticity and the accompanying upregulation of synaptic vesicle synthesis. The differing responses of rod and cone terminals to injury and disease may be determined by these differences in the regulation of Ca 2ϩ influx.
In response to injury and insult, adult CNS neurons display varying degrees of regeneration and reactive plasticity. Responses range from olfactory neurons that regenerate completely from stem cells after axotomy of the olfactory nerve (Harding et al., 1977) , to afferent fibers for the septal nuclei that are able to produce limited sprouting after denervation of septal neurons (Raisman 1969) , to thalamic neurons that seem unable to recover from an axonal lesion even in the presence of a peripheral nerve graft (Benfey et al., 1985) . In the amphibian CNS as well, some neurons regenerate axons easily, whereas others display no regenerative potential (Lyon and Stelzner, 1987) . Understanding the cause for these differences holds the promise of increasing our knowledge of the basic mechanisms of regeneration in the CNS.
In the retina, recent descriptions of human and animal models of retinitis pigmentosa (RP) and retinal detachment have illustrated that even cells that have generally similar functions, the cone and rod photoreceptors, can have differing responses to injury. In a cat model of retinal detachment, rod cell axons retract toward their cell bodies, whereas cone cells are relatively unaffected (Erickson et al., 1983; Lewis et al., 1998) . In human autosomal dominant RP, rod cells extend long neurites toward the inner retina. Along these neurites, varicosities filled with synaptic vesicles are formed. Cone cell terminals, in contrast, show little change (Li et al., 1995; Milam et al., 1996) . Feline rod/cone dysplasia also exhibits rod neurite extension into the inner retina (Chong et al., 1999) . In mouse models of retinal degeneration known as rd or rds and in light-induced degeneration, rod cell terminals have been shown to expand as adjacent rod photoreceptors die (Jansen and Sanyal, 1984 , 1992 . In a pig model of an autosomal dominant RP, rod cells have short sprouts emanating from their synaptic spherules, whereas cone synaptic pedicles remain relatively inert, although they are able to make new synaptic connections with rod bipolar cells (Li et al., 1998; Peng et al., 2000) . The stimuli for and the mechanisms of structural plasticity in the case of rod cells, and structural stability in the case of cones, are unknown.
Primary cultures of salamander rod and cone photoreceptors show many of the features of axonal and terminal plasticity seen in vivo. Rod cells retract their axons shortly after cell plating, then extend neurites, and finally form varicosities filled with synaptic vesicles. Cone cells will also extend neurites and form varicosities; however, the number of neurites and varicosities is consistently lower in cone than in rod cells (Mandell et al., 1993) . Recent studies using the L-type calcium channel antagonist nicardipine showed that blocking calcium influx during and immediately after retinal dissociation prevented rod axonal retraction, whereas continued application of nicardipine reduced process outgrowth (Nachman- Clewner and Townes-Anderson, 1999) . There is growing evidence that distinct calcium channels exist in cone and rod cells: physiological evidence has been found that Ca 2ϩ influx occurs through cGMP-gated channels at the axonal terminals of cone but not rod cells (Rieke and Schwartz, 1994; Savchenko et al., 1997) . Immunocytochemical examination has demonstrated that the ␣-subunits of L-type calcium channels present in rod and cone terminals differ in density. A large aggregation of L-type channels exists at the synaptic active zone of rod cells, whereas channel distribution is diffuse in cone cells (Nachman- Clewner and Townes-Anderson, 1999; Morgans, 2001 ). Finally, L-type calcium channels in cone and rod cells possess distinct physiological characteristics (Wilkinson and Barnes, 1996 ; Kourennyi and Barnes, 2000) . We have hypothesized therefore that the functional type of synaptic calcium channel may determine the kind of plasticity displayed in response to nerve cell injury. Using antagonists to L-type and cGMP-gated channels, we present evidence here that structural plasticity and regenerative growth in vitro are controlled primarily by L-type channels in the rod photoreceptor and by cGMP-gated channels in the cone photoreceptor.
Preliminary findings of this work have been presented previously in abstract form Townes-Anderson, 2000, 2001) .
MATERIALS AND METHODS
Antibodies, probes, and chemicals. Mouse monoclonal antibody to the synaptic vesicle glycoprotein SV2 ( Buckley and Kelly, 1985) was a generous gift of Dr. K . Buckley (Harvard Medical School, C ambridge, M A). Rabbit polyclonal antibody to synaptophysin (p38) (Valtorta et al., 1988) , an integral synaptic vesicle membrane protein, was a generous gift of Dr. F. Valtorta (S. Raffaele Scientific Institute, Milan, Italy) . Anti-opsin monoclonal antibody 4D2 was a gift of Dr. R. Molday (University of British Columbia, Vancouver, C anada); 4D2 is specific for the opsin of M(red) rod photoreceptors (Hicks and Molday, 1986) . Rabbit polyclonal antibody to rab6 [C19, a marker protein of trans-Golgi networks (TGNs)] (Goud et al., 1990; Antony et al., 1992; Deretic and Papermaster, 1993) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The specificity of SV2, p38, 4D2, and rab6 antibodies has been demonstrated in the salamander retina (Mandell et al., 1993; Nachman-C lewner and Townes-Anderson, 1996) . Goat anti-mouse IgG antibody for culture dish coating was purchased from Boehringer Mannheim Corporation (Indianapolis, I N). Sal-1 mouse hybridoma supernatant was generously provided by Dr. P. MacLeish (Morehouse School of Medicine, Atlanta, GA). All immunolabeling reagents including goat anti-mouse rhodamine antibody, goat anti-mouse-isothiocyanate (FI TC) antibody, goat anti-rabbit rhodamine antibody, and goat anti-rabbit-FI TC antibody were purchased from Boehringer Mannheim. Papain was purchased from Worthington Biochemical Corporation (Lakewood, NJ). Nicardipine (Nc), verapamil (Vrp), L-cis-diltiazem (L cd), 8-bromo-cGM P (8Br-cGM P), and dimethyl sulfoxide (DMSO) were purchased from Sigma (St. L ouis, MO). Cobalt bromide (CoBr) was purchased from Fisher Scientific (Pittsburgh, PA). Channel antagonists and agonists were prepared as stock solutions and frozen at Ϫ20°C before application. Nc was dissolved in 100% DMSO at a concentration of 10 mM; Vrp, L cd, 8Br-cGM P, and CoBr were dissolved in dH 2 O at concentrations of 5, 100, 22, and 100 mM, respectively.
Isolation and culture of photoreceptors. Retinas were obtained from light-adapted adult tiger salamanders (Ambystoma tigrinum, 16-30 cm in length; Charles Sullivan Inc., Nashville, TN) that were decapitated and pithed according to protocols approved by the Institutional Animal C are and Use Committee at the University of Medicine and Dentistry of New Jersey and in strict accordance with the Policy on the Use of Animals in Neuroscience Research of the Society for Neuroscience and guidelines from the National Institutes of Health. Dissociation of the retina was performed as described previously using enzymatic digestion with papain and trituration ( MacLeish and Townes-Anderson, 1988; Mandell et al., 1993) . Briefly, retinas were dissected at room temperature (20 -22°C) in room light, incubated for 45 min on a shaker in enzyme Ringer's solution containing 14 U/ml papain, 85 mM NaC l, 1.5 mM KC l, 25 mM NaHC O 3 , 0.5 mM CaCl 2 , 0.5 mM NaH 2 PO 4 , 24 mM glucose, 0.03 mM phenol red, 1.0 mM sodium pyruvate, and 2.7 mM DL-cysteine. Retinas were gently triturated with a 3-mm-diameter wide-bore pipette 25 times to obtain a cell suspension containing predominantly photoreceptor cells. C ells were plated onto acid-cleaned glass coverslips coated with goat anti-mouse IgG antibody and the Sal-1 antibody (MacLeish et al., 1983) . Cells were grown in a serum-free defined medium containing (in mM): 108 NaCl, 2.5 KCl, 2 HEPES, 1 NaHCO 3 , 0.5 NaH 2 PO 4 , 1 sodium pyruvate, 0.5 MgCl 2 , 24 glucose, 1.8 CaCl 2 , 7% medium 199, 1ϫ minimum essential (MEM) vitamin mix, 0.1ϫ MEM essential amino acids, 0.1ϫ MEM nonessential amino acids, 2 glutamine, 2 g/ml bovine insulin, 1 g/ml transferrin, 5 taurine, 0.8 g/ml thyroxine, 10 g/ml gentamycin, and 1.0 mg/ml bovine serum albumin. Cells were maintained in a humidified chamber at 10°C in the dark.
Immunoc ytochemistr y of cultured photoreceptors. Photoreceptors were fixed with 4% paraformaldehyde in 0.125 M phosphate buffer, pH 7.4, for at least 24 hr at 4°C and labeled by the following procedure. (1) C ells were washed with PBS (450 mM NaC l, 20 mM sodium phosphate buffer, pH 7.4) three times at room temperature. (2) C ells were incubated for 1 hr at room temperature in goat serum dilution buffer (GSDB; 16% normal goat serum, 450 mM NaC l, 0.1% Triton X-100, 20 mM phosphate buffer, pH 7.4) to block nonspecific binding and permeabilize the plasma membrane. (3) C ells were incubated with primary antibodies dissolved in GSDB at 4°C overnight. 4D2 antibody was used at a dilution of 1:25; SV2 and synaptophysin antibodies were used at dilutions of 1:20 and 1:500, respectively; and rab6 antibody was used at a dilution of 1:50. For negative controls, no primary antibodies were added to the GSDB at this step. (4) C ells were rinsed with wash buffer (450 mM NaC l, 0.3% Triton X-100, and 20 mM phosphate buffer) three times followed by a rinse with PBS. (5) C ells were incubated with Triton-free GSDB (450 mM NaC l, 16% normal goat serum, and 20 mM phosphate buffer) for 1 hr at room temperature. (6) C ells were incubated with secondary antibodies conjugated with fluorescence labels rhodamine or FI TC for 50 min at room temperature in the dark. Secondary antibodies were used at a dilution of 1:35 and dissolved in Triton-free GSDB. (7) C ells were washed with PBS three times followed by a final rinse with 5 mM phosphate buffer, pH 7.4, at room temperature. (8) Cells were mounted in anti-fade medium containing 90% glycerol, 10% PBS, including 2.5% (w/v) 1,4-diazobicyclo[2,2,2]octane to prevent bleaching of immunofluorescence. For double labeling, the two primary antibodies or two secondary antibodies were diluted together in GSDB buffer and applied to cells simultaneously.
Quantification of cell outgrowth. For cell identification, see Data analysis. For the analysis of process outgrowth and formation of varicosities, cone cells were viewed with conventional phase-contrast microscopy, and 4D2-stained rod cells were viewed with UV light microscopy on an inverted photomicroscope equipped for FI TC and rhodamine epifluorescence. In some experiments, cone cells were also viewed with UV light microscopy based on immunofluorescent staining of vesicle proteins. Computer images of cells were captured by a CCD camera and analyzed with N IH image software (V.1.44). Any outgrowth extending Ͼ5 m from the soma was considered to be a process. A process was defined as a 1 o process before it branched, a 2 o process after branching, or a 3 o process after f urther branching. Primary processes were f urther Figure 1 . Experimental design for administration of channel blockers. Photoreceptors were cultured with channel blockers for 48 hr after seeding or after 1 d in culture. Some photoreceptors were cultured for an additional 3 d after channel blockers were removed from the culture medium.
divided into thick, thin, and lamellipodial-like processes. A varicosity was defined as a swelling along a neuritic process with a diameter Ͼ0.5 m. Densitometr y anal ysis. Photoreceptors were double stained with 4D2 and synaptophysin antibodies and imaged with confocal microscopy. Briefly, an L SM410 microscope, equipped with an argon / krypton laser and a 63ϫ, 1.4 numerical aperture oil immersion objective (C arl Z eiss, Oberkochen, Germany) was set to scan 1 m optical sections of photoreceptors. A 488 nm excitation filter and a 515-540 nm narrow bandpass emission filter were used for FI TC, and a 568 nm excitation filter and a 590 nm long-pass emission filter were used for rhodamine. Because synaptophysin staining levels in cone cells have been shown to be significantly higher than in rod cells (Townes- Anderson and Nachman-C lewner, 2001) , confocal sensitivity and contrast parameters were set separately for cone and rod cells identified by 4D2 staining to ensure that staining intensities of captured images were in the linear range for cones and rods, respectively. The optical sections were scanned at two levels: one level was close to the culture substrate to show processes and varicosities, and another level was distant from culture substrate to show intracellular structures including TGNs. Synaptophysin staining was analyzed with the "density slice" f unction of N IH image software (V.1.44). A threshold value was chosen to eliminate background noise before images were analyzed. A mean gray value per unit area was determined for each cell. L ower gray values indicated brighter fluorescence with 1 ϭ white and 255 ϭ black on a 256 grayscale. Data were collected as the area of staining multiplied by the average intensity of staining.
Colocalization anal ysis. The "colocalization" f unction of the Z eiss L SM410 system was used to measure the areas of SV2 and rab6 costaining in TGNs of photoreceptors (this method will be described in detail in a separate paper; E. Townes-Anderson and N. Z hang, unpublished observations). Briefly, cone and rod cells were identified morphologically with transmitted light, and parameters for sensitivity and contrast were set separately for cone and rod cells. Optical sections (1 m) were taken at a level containing the Golgi apparatus as determined by prominent rab6 staining. For every pixel in the original image, the system plots a corresponding point relating to the intensities of the red and green channels. On the resulting scattergram, the x-axis represents the intensity of pixels in the red channel, and the y-axis represents the intensity of pixels in the green channel. If a pixel has equal intensities in both channels, then the point will fall on a 45 o line in the center of the graph. The farther away the points are from the 45 o line, the higher the intensity is for one channel compared with the other. In our colocalization analysis, an arbitrary but consistently applied threshold was chosen by marking a constant rectangular area on the scattergram so that background signals were excluded and pixels with high intensities in both channels were captured appropriately. Data were collected as the total area of double-labeled pixels.
Data anal ysis. C ell cultures contained a mixed population of retinal neurons. Photoreceptors can always be identified by the presence of an ellipsoid, an accumulation of mitochondria in the inner segment. Rod and cone cells were identified by the presence and absence, respectively, of M(red) rod opsin immunostaining using monoclonal antibody 4D2. S(green) rod cells were thus excluded from the rod cell category and may have been included in the cone cell category. They are, however, only 1.3% of the total photoreceptor population in tiger salamander (Sherry et al., 1998) . Both single and double cones were included. In experiments double labeled for rab6 and SV2, cells were identified by phase-contrast microscopy before analysis by confocal microscopy. Identification by light microscopy was based on cell soma shape, thickness of processes, and shape of varicosities. Cone cells tend to have an elliptical soma, broad processes, and triangular varicosities compared with rod cells. Only cells that were felt to be positively either rod or cone were used for analysis.
The data were collected only from photoreceptors without outer segments. All cone cells retain their axon terminals after retinal dissociation; rod cells can either retain or lose their axon and terminal. Rod cells with axons display structural rearrangement followed by development of neurites and varicosities, whereas rod cells without axons form neurites and varicosities de novo. These two types of rod cells were previously termed denervated and axotomized, and they differ in the rate of development but not in the type of processes and presynaptic structures that are formed (Nachman-C lewner and Townes-Anderson, 1996) .
The data are expressed as mean Ϯ SEM. Statistical comparisons between two groups were made with the Student's t test, if the normality and equal variance tests were passed, or with the Mann -Whitney rank sum test, if the normality and equal variance tests failed. Comparisons among multiple groups were made with one-way ANOVA. The post hoc analysis used with the one-way ANOVA was Dunnett's method. Statistical analysis was performed using SigmaStat software (V2.0). Data graphs were created using SigmaPlot software (V5.0).
RESULTS
Antagonists for the selective blockage of L-type calcium channels are divided into three classes: dihydropyridines, benzothiazepines, and phenylalkylamines. Reagents from these classes bind to the pore-forming ␣ 1 subunit of the channel (Hockerman et al., 1997a,b; Peterson et al., 1997; Catterall, 2000) . In the present series of experiments, the dihydropyridine antagonist nicardipine and the phenylalkylamine antagonist verapamil were used to selectively block the L-type channels of photoreceptors. For the blockage of cGMP-gated channels, the transition metal cobalt bromide and the benzothiazepine antagonist L-cis-diltiazem were used. However, the effects of CoBr and Lcd are not specific: CoBr blocks all types of calcium channels (Hille, 1992) , whereas Lcd, an isomer of the L-type channel antagonist D-cis-diltiazem and a potent blocker of photoreceptor cGMP-gated channels (Stern et al., 1986; Quandt et al., 1991) , can still bind to L-type channels with low affinity (Ikeda et al., 1991) . Reagents that more specifically block cGMP-gated channels are not available currently. Therefore, 8Br-cGMP, which can induce Ca 2ϩ current specifically through photoreceptor cGMP-gated channels (Rebrik and Korenbrot, 1998; Xiong et al., 1998) , was used to activate cGMPgated channels. 
Blockage of L-type calcium channels with nicardipine or verapamil: effects on neuritic processes and varicosities
Previous studies demonstrated that an immediate blockage of L-type channels with Nc inhibited axonal retraction in rod cells and caused a reduction of process growth in photoreceptors, including both the cone and the rod cells (Nachman- Clewner and Townes-Anderson, 1999) . Effects of L-type channel antagonists applied at later stages of neuritic and varicosity development were not tested. Therefore, the questions first addressed were (1) Figure 3 . Effect of nicardipine (Nc) treatment and removal on the growth of processes and varicosities by photoreceptors as determined by quantitative analysis. A, Growth of neuritic processes. Nc treatment caused a significant decrease in the total number of processes per cell as compared with controls in both cone and rod cells from 3-d-old cultures. B, Growth of varicosities. Nc-treated rod cells from both 2-and 3-d-old cultures showed a significant decrease in the number of varicosities as compared with controls. The decrease in cone cells did not reach statistical significance. C, Growth of neuritic processes after removal of Nc. Nc was removed from the medium, and photoreceptors were cultured for an additional 3 d; there was a prominent growth of processes in rod cells, but no change in the total number of processes from cone cells. D, Growth of varicosities after removal of Nc. After Nc was removed from the medium and photoreceptors were cultured for another 3 d, there was also a prominent increase in the number of varicosities in rod cells. In cone cells, no significant growth of processes or varicosities was seen after removal of Nc. A total of 880 cells in 14 cultures from three animals were analyzed in A and B, and a total of 250 cells in 10 cultures from one animal were analyzed in C and D. Rod cells labeled with 4D2 antibody were viewed with fluorescence microscopy, whereas cone cells were viewed with phase-contrast microscopy.
whether the development of neuritic processes and the formation of presynaptic varicosities by cone and rod cells require Ca 2ϩ influx through L-type calcium channels and (2) whether continuous Ca 2ϩ influx or a brief period of Ca 2ϩ influx through L-type channels is required. Photoreceptors were cultured in antagonistfree medium to allow Ca 2ϩ influx for 1 hr or 1 d. Then, 10 M Nc in 0.1% DMSO was added to the medium, and cells were cultured for an additional 2 d (Fig. 1) . Two types of controls were included: (1) cells were treated with 0.1% DMSO alone for the entire period, and (2) cells with Nc treatment were returned to normal medium after 3 d in culture (Fig. 1) .
During the first 2-3 d in culture in Nc-free medium, growth of neuritic processes with branching structures as well as formation of presynaptic varicosities were observed in both cone and rod cells (Fig. 2 A, C) . For cone cells, 7.64 processes per cell and 0.27 varicosities per cell were observed in 2-d-old cultures, whereas 8.32 processes per cell and 0.57 varicosities per cell were observed in 3-d-old cultures (Table 1, Fig. 3 A, B) ; varicosity development was statistically significant during this period ( p Ͻ 0.01). For rod cells, 15.95 processes per cell and 0.41 varicosities per cell were observed in 2-d-old cultures, whereas 27.90 processes per cell and 1.88 varicosities per cell were observed in 3-d-old cultures on average (Table 1, Fig. 3 A, B) ; both neurite outgrowth ( p Ͻ 0.001) and varicosity development ( p Ͻ 0.001) were significantly increased from 2 to 3 d in cultured rod cells. In a few rod cells grown in antagonist-free medium, as many as 11 varicosities were observed in a single cell. Thus, in this culture system, rod cells grew more processes and formed more varicosities than cone cells, and the period of the first 2-3 d in culture was a critical period for the development of axonal structures for both cone and rod cells. These data were consistent with previously reported results (Mandell et al., 1993; Sherry et al., 1998) .
The blockage of L-type calcium channels caused changes in photoreceptor growth patterns that were more prominent in rod than cone cells (Fig. 2 B, D) . Additionally, compared with controls, Nc-treated photoreceptors from 3-d-old cultures showed more significant changes in growth than 2-d-old cultures (Table 1 , Fig. 3 A, B) . In 3-d-old cultures, for instance, Nc reduced the number of neuritic processes by 21.8% in rod cells and by 14.1% in cone cells. Among all subtypes of processes, 3 o processes, small-branching structures, were the most affected (Table 1) . Nc-treated rod cells also showed a significant decrease in the number of varicosities, with a 51.1% reduction in 2-d-old cultures and a 68.6% reduction in 3-d-old cultures (Table 1, Fig. 3B ). In Nc-treated cone cells, the decrease in varicosity number, although present, was not statistically significant (Table 1, Fig. 3B ). These data show that although blockage of L-type calcium channels inhibited process outgrowth in both cone and rod cells, varicosity formation was significantly inhibited only in rod cells.
To exclude the possibility that the inhibition of Nc was caused by toxicity, neuritic structures were analyzed after Nc was removed from the medium and cells were allowed to grow for an additional 3 d. After Nc removal, both cone and rod cells resumed growth of processes, and varicosity development resumed in rod cells (Table 2 , Fig. 3C,D) . Furthermore, Nc treatment caused no reduction of photoreceptor cell density (data not shown). Thus, Nc-treated cells were viable, and no cell death occurred.
The phenylalkylamine antagonist verapamil (5 M) was also used to block L-type calcium channels. Delayed (after 1 d) blockage of L-type calcium channels by Vrp significantly inhibited varicosity formation by 31.5% in rod but not in cone cells. Thus, another class of L-type channel antagonist gave results consistent with Nc (Fig. 4) .
Blockage of L-type calcium channels with nicardipine: effects on synaptic vesicle proteins
Presynaptic varicosities are formed by photoreceptors as synaptic vesicles accumulate near the terminals of neurites (Mandell et al., 1993) . In the previous section, inhibition of varicosity formation by Nc was observed. This inhibition could be caused by (1) the inhibition of vesicle protein synthesis or (2) the inhibition of anterograde vesicle transport in neurites, or both. Because reduced vesicle protein synthesis could also explain reduced transport, we chose to investigate the synthesis of vesicle proteins, specifically SV2 and synaptophysin, in Nc-treated cone and rod cells.
Proteins synthesized in the endoplasmic reticulum (ER) are transported peripherally after maturation and packaging in the Golgi complex. The level of protein in the Golgi complex gives some indication of the level of protein synthesis in the ER (Hannah et al., 1999) . Indeed, cycloheximide, which blocks protein synthesis in general, reduced opsin in the Golgi complex of rod cells as seen with double immunolabeling (Townes-Anderson, unpublished data). We used this principle in conjunction with image analysis to analyze relative levels of synthesis of synaptic vesicle protein in different cell types, the cone and rod cells, in the same culture. In the first series of experiments, the presence of synaptic vesicle protein SV2 in the trans-Golgi network was analyzed by colabeling for SV2 and a TGN marker protein, rab6 (Fig. 5) . Three-day-old cultures that had been treated with Nc for 2 d were examined. The confocal microscopic images of untreated cone and rod cells showed strong SV2 immunostaining in the rab6-positive Golgi area (Fig. 6 A, C) . After Nc treatment, the TGN in cone cells continued to have strong SV2 labeling, whereas that in rod cells had reduced SV2 staining (Fig. 6 B, D) . Colocalization analysis of rab6 and SV2 immunostaining further demonstrated that the Nc treatment did not cause a decrease in the area of colocalization in cone cells but did cause a significant 59.1% decrease in the area of colocalization in rod cells (Fig. 7A) . After Nc was removed from the medium and cells were cultured for 3 more days, the average area of colocalized rab6 and SV2 staining in Nc-treated cone cells was unchanged, but the average colocalization area of rab6 and SV2 in Nc-treated rod cells showed a 117.5% increase in size (Fig. 7B ). These data demonstrated that delayed blockage of L-type calcium channels did not influence the synthesis of vesicle protein SV2 in cone cells but sensitively and reversibly inhibited the synthesis of vesicle protein SV2 in rod cells.
To test for the possibility that the Nc-induced inhibition of SV2 in the Golgi was a nonspecific effect and that all protein synthesis was reduced when calcium channels were blocked, the colocalization analysis was applied to rod opsin, a protein that appears to be constitutively expressed in cultured rod cells (Nachman- Clewner and Townes-Anderson, 1996) . Nc-treated rod cells showed no significant decrease of the area of colocalization for rab6 and rod opsin as compared with untreated rod cells (Fig. 7C) . The data show not only that opsin expression is not influenced by L-type channel blockage, but also that rab6 expression is unchanged. Thus, the reduction of SV2 synthesis in rod cells by L-type channel blockage represents a specific effect and not a general depression of protein synthesis.
To confirm the data obtained with SV2, the effects of L-type channel blockage on the level of another vesicle protein, synaptophysin, in photoreceptors was investigated. Cultured photoreceptors were divided into four groups: (1) untreated, cells were cultured in Nc-free medium for 3 d; (2) Nc-treated, cells were cultured in Nc-containing medium for 2 d after 1 d preincubation in Nc-free medium; (3) Nc-removed, Nc-treated cells were subsequently cultured in Nc-free medium for 3 more days; and (4) Nc-remained, Nc-treated cells were cultured in Nc-containing medium for 5 d after 1 d in Nc-free medium (see Fig. 9A ). Cells were double labeled with synaptophysin and rod opsin antibodies, and confocal microscopic sections were taken at two levels, with one level containing processes and another level containing the Golgi apparatus. Confocal images of cone cells from the above groups showed no significant changes in synaptophysin staining (pictures not shown). However, in confocal microscopic images of rod cells, changes of synaptophysin staining could be observed. In untreated rod cells, strong synaptophysin staining appeared in the (A3, B3, C3, and D3) , respectively. A1-A3, Untreated cone. The Golgi apparatus and post-Golgi vesicles were labeled by rab6 and SV2 antibodies and appeared yellow (arrow), indicating the synthesis of SV2. B1-B3, Nc-treated cone. Nc treatment did not cause an obvious change of rab6 and SV2 staining in the Golgi apparatus, suggesting the continued presence of SV2 in the TGN (arrow). C1-C3, Untreated rod. Both rab6 and SV2 antibodies stained the trans-Golgi apparatus, which appears yellow (arrow). SV2 staining ( green) is also present in other locations in the cell soma such as the cis-Golgi. D1-D3, Nc-treated rod. Nc treatment reduced SV2 staining in the Golgi area. The arrow indicates the Golgi apparatus that showed rab6 label (red), but SV2 staining ( green) occurred primarily in areas outside the Golgi apparatus. This suggests that SV2 synthesis had been reduced but that SV2, perhaps in old synaptic vesicles, continues to be present in the cell soma. Scale bar, 10 m. soma as well as growing varicosities (Fig. 8 A) . In the Nc-treated group of rod cells, there was inhibition of process outgrowth and varicosity formation (Fig. 8 B) , and synaptophysin staining appeared primarily in the soma. After Nc was removed from the medium, regenerating processes and varicosities could be observed in rod cells, and synaptophysin staining appeared in newly formed varicosities (Fig. 8C) . Prolonged Nc treatment caused almost complete disappearance of synaptophysin staining in rod cells (Fig. 8 D) .
Synaptophysin staining was further analyzed with densitometry of rod and cone cells identified by the presence or absence of 4D2 staining. Densitometric analysis confirmed that Nc treatment significantly decreased synaptophysin immunostaining only in rod and not in cone cells (Fig. 9 B, C) . The Nc-remained group of cone cells did show a slight decrease in the staining intensity at the process level; however, this decrease was not statistically significant (Fig. 9B) . In rod cells, prolonged Nc treatment (Nc-remained group) caused a dramatic decrease in staining intensity (86.3% decrease at the process level and 70.2% decrease at the Golgi level). Removal of Nc (Nc-removed group) from the medium reduced the extent of this decrease (46.2% decrease at the process level and 37.1% at the Golgi level) (Fig. 9C) .
Rod opsin staining at the Golgi level was also analyzed with densitometry. Compared with the untreated group, prolonged Nc treatment in rod cells did not cause a statistically significant decrease in 4D2 staining density (470.4 Ϯ 51.6 area ϫ intensity 10 Ϫ3 units for the untreated group and 349.8 Ϯ 41.2 area ϫ intensity 10 Ϫ3 units for the Nc-remained group; p ϭ 0.076; a total of 40 rod cells in four cultures from one animal were analyzed).
These data reinforced the selective inhibition of L-type calcium channel blockage on rod cell vesicle protein synthesis.
Blockage of cGMP-gated channels with cobalt bromide or L-cis diltiazem: effects on processes, varicosities, and the vesicle protein SV2
The results in previous sections established that varicosity formation as well as vesicle protein synthesis in cone cells were resistant to the blockage of L-type calcium channels. This may be explained if (1) varicosity formation and vesicle protein synthesis in cone cells do not require Ca 2ϩ influx or (2), although Ca 2ϩ influx through L-type calcium channels was blocked, other channels exist through which Ca 2ϩ can enter cone cells. To address the above possibilities, all types of calcium channels were blocked by application of cobalt bromide. Delayed blockage of calcium channels with 1 mM CoBr inhibited process outgrowth and varicosity formation not only in rod cells but also in cone cells (Fig. 10) . In rod cells, there was a 36.0% reduction of processes and a 79.0% reduction of opsin-stained varicosities. In cone cells, there was a 57.1% reduction of processes and a 56.2% reduction of varicosities (Fig. 10 A, B) . In addition, there was a 85.3% decrease in the areas of rab6 and SV2 colocalization in TGNs of CoBr-treated as compared with untreated cone cells (Fig. 10C) . Cell density after CoBr treatment was also analyzed. No decrease in cell density (Fig. 1) . The SV2 staining increased significantly in Nc-treated rod cells after Nc removal, increasing the areas of colocalization (**p Ͻ 0.01), but showed no significant change in Nc-treated cone cells. A total of 80 cells in four cultures from one animal were analyzed. C, Rod opsin (4D2) and rab6 labeling in rod cells from 3-d-old cultures. No change in the area of double labeling was observed in Nc-treated rod cells compared with untreated cells, suggesting that Nc had no effect on opsin synthesis. A total of 40 cells in four cultures from two animals were analyzed.
was observed in CoBr-treated as compared with untreated cultures (101.1 Ϯ 7.2 cells/20ϫ field in CoBr-treated and 92.3 Ϯ 4.8 cells/20ϫ field in untreated cultures; p ϭ 0.417; a total of 40 fields in four cultures from one animal were analyzed), suggesting that 1 mM CoBr was not significantly cytotoxic. These results demonstrated that the development of presynaptic varicosities and the synthesis of SV2 in cone cells required Ca 2ϩ influx. Moreover, it indicated that in cone cells, in addition to L-type calcium channels, there indeed exist channels other than L-type channels that can provide the Ca 2ϩ required for presynaptic development. As mentioned previously, physiological evidence has shown Ca 2ϩ influx through cGMP-gated channels in the inner segments and synaptic areas of salamander cone cells (Rieke and Schwartz, 1994) . L-cis-diltiazem (100 M) was used to block cGMP-gated channels. The delayed administration of Lcd (Fig. 11 A) caused a ϳ50% inhibition of the number of varicosities in cone cells. In rod cells, Lcd gave similar results (Fig. 11 B) . Combined application of 100 M Lcd and 10 M Nc did not significantly increase the inhibition. At the same time, 10 M Nc caused significant inhibition of varicosity formation in rod but not cone cells, consistent with previous data (Fig. 11 A, B) . In confocal microscopic images, Lcd-treated cone cells showed weaker staining for SV2 and synaptophysin than untreated cone cells (images not shown). Using colocalization analysis, there was a 46.3% decrease in the areas of rab6 and SV2 double staining in cone cells treated with Lcd as compared with controls (Fig. 11C) . Thus, CA 2ϩ influx through cGMP-gated channels was required by cone cells for formation of presynaptic varicosities and synthesis of vesicle proteins. The effects on rod cells are attributed, at least in part, to the ability of Lcd to block L-type channels.
Effects of activation of cGMP-gated channels with agonist 8Br-cGMP on varicosity formation by cones
Although CoBr and Lcd can inhibit varicosity formation, they are not specific antagonists of cGMP-gated channels. One of the characteristics of cGMP-gated channels is that they can be sensitively regulated by intracellular cGM P (Cobbs et al., 1985; Z immerman, 1995) , and cGM P and its analogs, including 8Br-cGM P, have been used to specifically activate cGM Pgated channels (Rebrik and Korenbrot, 1998; X iong et al., 1998) . A f urther advantage of the application of an analog such as 8Br-cGM P is that it activates cGM P-gated channels without stimulating the production of nitric oxide, which has been reported to modulate C a 2ϩ current in salamander rod cells (Kurenny et al., 1994) . We speculated that if C a 2ϩ influx through cGM P-gated channels could be increased by activation with cGM P analogs, the development of presynaptic varicosities would be stimulated. Three concentrations (35, 350, and 1400 M) of 8Br-cGM P were added to the medium, and cells were allowed to grow for 3 d (Fig. 12 A) . 8Br-cGM P at 350 M significantly increased varicosity formation in cone cells but significantly decreased varicosity formation in rod cells (Fig.   Figure 8 . Effect of nicardipine treatment on synaptophysin labeling in photoreceptors. Rod cells were stained with rod opsin (red) and synaptophysin ( green) antibodies. Confocal microscopic sections (1 m) from a level containing processes and varicosities are shown. A, An untreated rod cell. The cell had prominent process outgrowth and several varicosities (arrows). Strong synaptophysin staining was present in both the soma and varicosities in the 3-d-old culture. B, Nc-treated rod cell. There was clear inhibition of process outgrowth and varicosity formation and weaker synaptophysin staining in the soma in the 3-d-old culture. C, A rod cell after Nc removal. The cell had resumed process growth and varicosity formation. Although the synaptophysin staining in the soma was still weak, strong synaptophysin staining was present in varicosities (arrow), suggesting a transport of synaptophysin to peripheral structures from the soma after Nc was removed in show a significant decrease of synaptophysin staining intensity in Nctreated, Nc-removed, and Nc-remained groups as compared with the untreated group at both levels. C, Densitometry of rod cells. Although rod cells from the Nc-treated group showed only a trend toward decreased synaptophysin staining intensity as compared with the untreated group, prolonged Nc treatment (Nc-Remained group) caused a significant decrease in synaptophysin staining intensity at both process and Golgi levels. Removal of Nc from the medium reduced the extent of this decrease (Nc-Removed group). A total of 160 cells in eight cultures from one animal were analyzed. Effect of cGMP-gated channel agonist 8Br-cGMP (an analog of cGMP) on the varicosity formation of photoreceptors. A, Experimental design for the administration of 8Br-cGMP. 8Br-cGMP was added to the culture medium immediately after cell plating. B, Varicosity formation by cone cells. Varicosities were analyzed with phase-contrast microscopy. 8Br-cGMP, at 350 mM, caused a significant increase, whereas the other two concentrations caused no significant changes in varicosity formation. C, Varicosity formation by rod cells. Anti-opsin-stained varicosities were counted. 8Br-cGMP caused a dose-dependent inhibition of varicosity formation by rod cells. A total of 800 cells in 16 cultures from two animals were analyzed.
12 B, C). Interestingly, the highest concentration (1.4 mM) of 8Br-cGM P did not f urther increase the number of varicosities in cone cells (Fig. 12 B, C) . 8Br-cGM P is also an activator of the protein kinase G family (Surks et al., 1999; Matsunobu and Schacht, 2000) , and the activation of this kinase could contribute to an increase or decrease of varicosity development. For instance, it is possible that rod cells are inhibited by protein kinase G activation. Overall, the data with 8Br-cGM P f urther supported the hypothesis that C a 2ϩ influx through cGM Pgated channels is essential for the development of presynaptic varicosities in cone cells.
DISCUSSION

Distinct types of calcium-permeable channels in cone and rod cells are required for structural plasticity and regeneration
The present study demonstrates that L -type calcium channels in rod cells and cGM P-gated channels in cone cells are the primary calcium channels required for structural plasticity, including regenerative process outgrowth, varicosity formation, and vesicle protein synthesis in salamander photoreceptors. This conclusion is based on the different responses of cone and rod cells to the application of calcium channel antagonists and an agonist.
L-type calcium channels have been found to be essential in the development of neuritic outgrowth in several different neuronal cell types [chick retinal neurons (Suarez-Isla et al., 1984) ; PC12 cells (Doherty et al., 1991) ; rat cerebellar, hippocampal, and cortical neurons (Williams et al., 1994 , Shitaka et al., 1996 , Ramakers et al., 1998 ]. This list now includes rod photoreceptors. Our data, however, clearly show that cone cells are less dependent on L-type channel activity for neuritic outgrowth. cGMP-gated channels are widely expressed in the CNS (Wei et al., 1998) . The role of cGMP-gated cationic channels in phototransduction in the photoreceptor outer segment has been well established (Yau and Baylor, 1989; Kaupp, 1995) , and Ca 2ϩ influx through cGMPgated channels in the inner segments and presynaptic areas of cone cells is known to contribute to neurotransmitter release ( Rieke and Schwartz, 1994; Savchenko et al., 1997) . Recently, cGMP-gated channels have also been shown to play a role in axonal outgrowth. In olfactory neurons (Kafitz et al., 2000) and snail spinal neurons, activation of guanylyl cyclase leads to filopodial extension as well as an increase of [Ca 2ϩ ] i (Van Rehder, 1999, 2001) . Like these CNS neurons, cone cells have presynaptic growth that can be modulated by a cyclic nucleotide-gated channel. To our knowledge, this is the first report that cone and rod cells require the activity of distinct channels for reactive plasticity. This is also the first demonstration of an agent that can stimulate presynaptic development in adult photoreceptors: 8Br-cGMP significantly increased varicosity formation in cone cells. This does not rule out, however, the possibility that L-type calcium channels play some role in cone cell axonal plasticity, especially because branching tertiary processes were significantly reduced in cone cells after nicardipine application.
The use of different calcium-permeable channels in control of axonal activity by cone and rod cells is supported by reports showing that these two photoreceptor types possess many distinct characteristics related to their Ca 2ϩ regulation. Cone and rod cells contain different cGMP-gated cation channels in their outer segments (Wei et al., 1998) ; in addition, cGMP-gated channels in rod cells, but not in cone cells, may be regulated by Ca 2ϩ -calmodulin ( Haynes and Stotz, 1997 (Krizaj et al., 1999) . Rod cells do not contain the Ca 2ϩ binding protein calbindin, which is present in cone cells (Pasteels et al., 1990) . Finally, the type of L-type channel in rod and cone cells appears to be different. In mammalian retina, cone L-type channels have been reported to contain the ␣ 1D subunit (Taylor and Morgans, 1998; Morgans, 1999) , whereas rod L-type channels contain the ␣ 1F subunit (Bech-Hansen et al., 1998; Strom et al., 1998; Morgans, 2001) . In salamanders, Ca 2ϩ current profiles reflecting ␣ 1D subunits in cone cells and ␣ 1F subunits in rod cells have been reported (Wilkinson and Barnes, 1996 ; Kourennyi and Barnes, 2000) . Freshly isolated salamander rod cells contained much denser staining by an antibody raised against the ␣ 1C subunit of L-type calcium channels, than cone cells (NachmanClewner and Townes-Anderson, 1999), and somatostatin reduced voltage-gated L-type Ca 2ϩ current in rod cells but increased this current in cone cells from salamanders (Akopian et al., 2000) .
The differences in calcium homeostatic mechanisms between cone and rod cells could contribute to the differential responses that we observed when calcium channel blockers were applied. These differences, however, should not obscure a f undamental difference in the activation mechanisms of the two channel types: membrane potential change for the L -type channels and cGM P concentration for the cyclic nucleotidegated channels. We hypothesize that because of these unique forms of activation, the rod and cone cells react differently to disease at their synaptic terminals. In human retinitis pigmentosa, in animal models of retinal degeneration, and in retinal detachment, rod cell axons and terminals display dramatic structural plasticity but cone cells do not (Li et al., 1995 (Li et al., , 1998 Milam et al., 1996; Lewis et al., 1998) . It is possible that voltage-gated channels are more easily activated by mechanical perturbation and degenerative disease leading to an increase of [C a 2ϩ ] i than cGM P-regulated channels. This idea should be amenable to testing in vitro.
Regulation of calcium channels involved in axonal plasticity and regeneration
Although L-type calcium channels are opened by depolarization, in our experiments photoreceptors were cultured in a medium containing 2.5 mM KCl, a concentration too low to make global cellular changes in calcium concentration in photoreceptors (Nachman-Clewner and Townes-Anderson, 1999; Uchida and Iuvone, 1999) . Nonetheless, the application of L-type calcium channel antagonists inhibited axonal plasticity in rod cells. There are several possible explanations for these results. (1) Although cultured photoreceptors were not intentionally stimulated, the membrane potential of photoreceptors can intrinsically fluctuate, causing Ca 2ϩ influx into cells in minute amounts, enough to activate growth of neuritic structures. In fact, spontaneous, transient depolarizations under basal conditions have been observed in cultured embryonic chicken photoreceptors (Uchida and Iuvone, 1999 (Kuhn et al., 1998; Gomez et al., 2001) . These transients occur in the absence of depolarization and do not involve voltage-gated channels. However, cell adhesion molecules including NCAM, N-cadherin, and L1 have been reported to regulate activities of voltage-gated calcium channels and have been implicated in the regulation of local C a 2ϩ concentrations during axonal growth (for review, see Doherty et al., 2000) . L -type channels are susceptible to this activation. The mechanism involved most likely includes signaling molecules like arachidonic acid (Doherty et al., 2000) . It is not clear whether cGM P-gated calcium channels can also be regulated by cell adhesion molecules, but nitric oxide has been shown to promote both calcium influx and filopodial growth in B5 snail neurons, presumably through cGM P-gated channels (Van Wagenen and Rehder, 1999) . Additionally, both L -type (for review, see C atterall, 2000) and cGM P-gated channels (Molokanova et al., 1999) can be regulated by phosphorylation. Thus, regulation of calcium influx that is not voltage dependent appears possible and in fact may be common in motile growth cones.
Continuous Ca
2؉ influx is required for presynaptic development of cultured photoreceptors Distinct spatial and temporal patterns of C a 2ϩ signals are involved in different neuronal activities (De Koninck and Schulman, 1998; Svoboda and Mainen, 1999) . For example, only milliseconds are needed for C a 2ϩ influx to trigger neurotransmitter release from synaptic terminals (Borst and Sakmann, 1996) , whereas it takes minutes to hours for some gene expression to be regulated after C a 2ϩ influx (Hardingham et al., 1997; Tao et al., 1998; Rajadhyaksha et al., 1999) . To distinguish between a short-term influx of calcium and a longer-term, perhaps continuous influx as a requirement of structural plasticity in photoreceptors, blockage of L -type calcium channels was delayed by two different time periods (1 hr versus 1 d). In both cases, however, process outgrowth in rods was inhibited, suggesting that the process continues to require calcium influx even after 24 hr. For the cGM P-gated channels as well, it appears that long-term activity is necessary because 24 hr without blockage was not adequate to support normal presynaptic growth. These data, however, do not distinguish which part of the process, gene regulation, protein synthesis, anterograde transport, vesicle exocytosis, or cytoskeletal turnover, continues to be C a 2ϩ dependent.
The synthesis of vesicle proteins requires Ca 2؉ influx
Blockage of L -type calcium channels in rod cells and cGM Pgated channels in cone cells not only inhibited presynaptic plasticity but also significantly inhibited the synthesis of vesicle proteins as measured by the presence of protein in the TGNs. Normally, an increase in vesicle protein synthesis occurs after 24 -48 hr in culture (Nachman-C lewner and TownesAnderson, 1996; Z hang and Townes-Anderson, unpublished observations), suggesting that gene regulation is involved. C alcium has been known to participate in gene regulation since the 1980s when the opening of L -type voltage-gated calcium channels by membrane depolarization of PC12 cells was reported to induce expression of c-fos, an immediate early gene (Greenberg et al., 1986 ; Morgan and Curran, 1986 ). The C a 2ϩ -dependent signaling pathways in cone and rod cells that might regulate the synthesis of vesicle proteins remain to be discovered. However, it is known that mRNA levels for melatonin N-transferase are regulated by C a 2ϩ influx via cAM P (Gan et al., 1995; Gréve et al., 1999) . It is possible that a similar mechanism may be involved in the regulation of genes such as those for synaptic vesicle proteins necessary for plasticity and regeneration. Future in situ hybridization experiments on vesicle protein mRNA will help differentiate between the effects of C a 2ϩ influx on gene transcription and mRNA translation.
